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I.

INTRODUCTION

· Si.nce all chemical and electrical imput into the cell
occurs via its plasma membrane, many pharmacological agents
and hormones initiate their effects by interacting with re.,.
ceptor sites on the plasma membrane or by passing·through the
cell membrane and interacting with other membranes within the
cell.

Generally, the precise mechanisms by which these events

occur remain relatively unclear.

It was thought for many

years that the cell membrane >vas a relatively static structure which allowed molecules to enter the cell at a rate dependent upon their degree of li.pid solubility.

However, more

recently a..'1 increasing body of evidence suggests that cellular membranes are dynamic structures hosting many enzymatic
activities and that many drugs or hormones can mediate intracellular effects via these membrane enzyme systems,
Adenyl cyclase, discovered by Rall and Sutherland (1)
whHe studying the effects of epinephrine on glycogenolysis,
appears to be ·the membrane enzyme essential for many hormonal
signals to be transduced from extracellular to irttracellul;ar sites,

Sodium-potassium activated adenosine tri-

phosphatase (Na-K ATPase), a membrane enzyme system in the
active translocation of Na+ ru1d K+ to maintain ionic gradients
across cellular membranes, has been postul.ated as a drug receptor for the positive inotropic action of the cardiac

/
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glycosides (2),

Intracellular membrane enzymes, which are

important pharmacologically ares ( i) monoamine oxidase which
is located. on the outer surface of the mitochondrial membrane and which oxidi.zes many biogenic amines ( 3), ( ii) the
oxidative enzymes of the inner mitochondrial membranes (4),
and (iii) the mixed function oxidases located on the hepatic
endoplasmic reticulum which are involved in the oxidative degradation of chemicals of exogenous origin as well as endogenous substrates (5),

The enzyme of importance in this

study, acetylcholinesterase (AChE), which is involved in terminating the synaptic transmission across cholinergic synapses
by hydrolyzing acetylcholine (ACh) at the post synaptic mem··
brane, is the primary site of action of ma."'ly therapeutir;ally
useful as 1vell as a number of toxtc pharmacologic agents.
Any study of these enzymes systems provtdes: (i) an
excellent approach for defining drug-receptor relationships
and (ii) a method for studying the relationship of such
fun0tional proteins to membrane structure,

This latter ap-

proach has been taken in the present study with the anticipation that an understanding of membrane structure and function is important for the interpretation of data relating to
mech<misme. by which certain chemical agents affect cellular
proc12~sses

..

Hammalian brain AChE from the caudate nucleus \·ms
chosen as the specific membrane protein to be investigated.
Studies were initiated on the rationale that subcellular
fractionation and the solubi.lization of AChE from membrane
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fract:lons under various experimental conditions would secure
these general goals; (i) to obtain a stable aqueous solution
of AChE.of high specific activity and yield which would provide the basis

of further purification and characterization

studies, and (H) to elucidate some of the basic physicochemical relationships of AChE to membrane components,

A.

Review of Membrane Structure
On the basis of the lipid solubility of a variety of

chemical agents, Overton (6) suggested that cellular membr2.nes
were primarily lipid in nature.

He found that nonpolar com-

. pounds such as esters, aldehydes·, ·and ketones were able to
transverse biological membranes with relative ease, whereas
more polar compounds such as urea, sugars, and amino acids
penetrated to the interior of the cell much more slmvly.
Later, Gorter and G::::endel(7) proposed a bimolecular arrangement of membrane lipid,

They extracted lipids from erythro-

cytes and compared the surface area occupied by a monolayer
of the lipids >lith that of the intact cell.

'

The ratio was

found to be approximately 2:1; hence they concluded that the
lipid arrangement was that of a bilayer with the non-polar
aliphatic chains hydrophobically sequestered to the interior
and t.he polar ends directed outwards,
Danie1li and Davson (8) observed that the surface tension
of cell membranes was condiserably lower than that of lipid
monolaye.rs.

Bec.ause proteins, when added to the lipid-water

interface of monolayers, were known to reduce surface
t·ension at this border considerably, they proposed that protein
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molecules absorbed to the membrane surface could account for
the surprisingly low surface tension of biological membranes.
Thus in the classic Danielli/Davson model the lipid bilayer concept of Gorter and Grendel was retained, but was
modtfied to accommodate protein molecules which were believed·
to sandwich the bilayer.
This .concept was lat.er extended by Robertson (9), who
depicted the membrane to be in the

bet~-

or pleated sheet

conformation across the lipid, rather than in the alpha-helix
conformation of globular proteins as conceived by Danielli
and Davson.

He. also argued that this arrangement was

characteristic of all membranes regardless of their source·
or function.
It is not the pu:cpose of this section to review i11 detail the various criticisms which have been invoked on these
models except to say, in general, that these models are limited by their inabUity to account for the functional diversity of membranes.

Consequently newer models have been pro-

posed to rationalize the miltiplicity of membrane function.
The present concept of lipid arrangement is essentially
the same as that which was proposed by the early investigators, but recent developments in optical techniques (g_.g.,
optical rotary dispersion and circular dichroism) have forced
a considerable reevaluation of the geometrical relationships
of proteins to other membrane components,

Applying these

techniques, Urry (10) found that a large proportion of membrane proteins exist in the alpha-helix conformation and
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that those membranes with extensive functional capacity sh01v
a higher proportion of alpha-helixes, while those that are
rather inert structures, such as myelin, show a

preponder~

ance of the beta conformation.
The results of recent freeze-etching experiments (11)
suggest that a substantial amount of the protein is deeply
embedded within the membrane continuum.

Under the electron

microscope, these preparations reveal globular pro·teins penetrating both the outer and inner surfaces, which in some
cases

sp~n

the entire width of the membrane,

These globular

proteins are postulated to be asymmetric (as are the phospholipids) in the sense that they possess both polar and nonpolar regions.

The. surface exposed to the aqueous phase must

be predominantly polar in structure, while the surface exposep to the lipid phase must be of a nonpolar nature.

It

has been postulated that the degree to lvhich these amphoteric
proteins penetrate the lipid continuum depends on the relative
proportions of the hydrophilic and hydrophobic moieties that
exi.st in the protein molecule,

Membrane proteins which form

an integral unit of the membrane structure (Q•B.•, "lipoproteins") contain a preponderance of nonpolar amino acids
or have a conformation such that these amino acid residues
are exposed enabling the moleculae to be hydrophobically sequestered within

the lipid phase.

In contrast, proteins

which are more externally positioned would tend to have polar
regions tn the proper orientations so as to be more thermodynamically stable in the aqueous environment,

This probab-

ly explai.ns why some proteins are tightly bound to membrane
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structures, while others are more loosely bound, and still
others are freely soluble and not bound at all.
Cellular membranes can now be imagined as lipid core
in which protein molecules can be embedded to varying degrees, perhaps as a function of their various roles or acti.vities in regulating the events occurring at the membrane barrier.

The almost infinite variability of membrane struct-

ure which can be conceived by this type of model could account for the mult.itude of functional differences seen for
the various distinctive types.
· B.

Solubilization of AChE
AChE was first obtained in solution by R.othenberg and

Nachmansohn (12) in 1947 from the electr-ic organ of Electrophorus electricus,

It was a tedious technique i.n 1•hich the

mucin which is present was n."111oved by repeated extraction with
toluene over. a period of 6-8 weeks.

The enzyme remai.ning

in the toluene-treated tissue was solubilized by repeated
homogenization and extraction with 5% ammonium suifate solution,
Attempts to solubilize this enzyme from brain tissue
have met with limited success due to its apparent firm association with subcellular particula·te fractions.

Various

approaches have been taken to solubilize the brain enzyme
and can be categorized into the foll01ving1 ( i) the use of
anionic and non-ionic detergents, ( ii) the use of organic
solvents, (iii) the use of proteolytic enzymes, and (iv) the
use of chelating agents,
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Ord and Thompson ( 13) demonstrated that most of the AChE
from rat brains could be solubilized with non-·ionic detergents, and that ionic detergents usually yielded extracts
with negligible or low activity.· However, due to the unavailability of high speed centrifugation, their criteria
of solubilization i.s in question.
Lawler reported that solubilization with detergents prevented further fractionation with

salts~

and that when the

detergent was removed,solubility was lost (14).

Crone (15)

found that solubilization from rat brains approached 100%
with Triton .X-100, but aggregation occurred in the absence·
of the detergent.
Other endeavors have employed the use of proteolytic
enzymes to solubilize the protein.

Ho and Ellman (16) round

that when rat brain microsomes were pretreated \vith bacter..,
ial proteases, 72% of the total AChE activity v.ras solubilized.
The specific activity was low, though, hydrolyzing only 22
.u;moles of substrate per hour per mg of protein.

Kaplay and

Jagannat:han (17) utilized pancreatic lipase followed by repetitive freezing and

thm~i.ng

to obtain a soluble enzyme,

This procedure yielded only 13% to the supernatant with a
specific activity of 17 .{(moles of substrate hydrolyzed per
hour per mg. of protein,
Some investigators turned to the use of organic solvents
with the expectation that the enzyme might be a lipoprotein
and that extraction of membrane lipids would allow for solubilization of the enzyme.

The acetone extract of Lawler (18)
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solubilized 33% of the total enzyme activity, and in combination with pancreatic lipase increased to 80%,

Jackson and

Aprison (19) reported a 50% extraction using g-butanol with
a specific activity of 79 .ttmoles of substrate hydrolyzed,
Although the yield of soluble enzyme lvas favorable, these
techniques have encoun.tered serious drawbacks,

The detergent

solubilized AChE was not soluble in aqeous solutions, and
required the maintenance of a nonpolar environment to pre-·
vent. aggregation,

Also such agents have a tendency to acti-

vate or inactivate the enzyme - all of which raises questions
as to the reliability of characterization studies after such
treatments.

With all methods the specific activity of the

soluble enzyme was meager,

This l-Ias due in part to the low

specific activity of the source material, but in addition i:he
activity was not significantly increased over that of the
homogenate.

This implies that basic membrane substructures

were bei.ng solubilized rather than a selective separation of
the AChE protein,
The fact that only minor purification was obtained in
the solubilization, necessitated the use of larger quantities of source material and more steps in purification procedures which increased the possibili.ty of changing the physical and chemical properties of the molecule in addition to
that which might have been caused by the harsh effects of the
solubilizing agents.
The most recent and most successful method for solubilization \vas introduced by Chan and his co-workers (20,21,22).
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They ha\'e shown that AChE from the ox caudate nucleus could
be solubilized by a relatively simple procedure of homogenization and centrifugation in 0.32M sucrose containing lmM
EDTA.

This procedure appeared to be relatively specific for

the solubilization of AChE since a six-fold purification of
the·enzyme was achieved in this one st;ep.

This suggested

that brain AChE was not tightly bound to the cell membrane
as had been previously supposed, since the solubilization
treatment of the tissue was relatively mild in nature,

These

investigators ·suggested that the solubilization of the enzyme
might be related to the chelation of a divalent cation such
as calcium and magnesium.
C.

So~ilization

of Membrane Proteins

Marchesi and Steers (23) had shown that 20% of the membra.'1e protein could be extracted into the 1vater soluble forrr.
'1-lhen erthrocyte ghosts 1-1ere dialyzed against ·ATP and betamercaptoethru1ol.

The extract appeared to be free of lipids

and exhibited a minumun\ degree protein heterogeniety.

Their

rationale for using ATP 1vas based on an earlier study in
whi.ch it shown that tryptic digestion of erythrocyte membranes
produced filamentous structure which were actin-like in appearance when studied under the electron mocroscope (24).
Since the muscle protein, actin, was known to be depolymerized and solubilized by solutions containing ATP this technique was then used to solubilized the proteins of erythrocyte ghost.

These investigators also found that the incubation

of these actin-like proteins with divalent cations resulted
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in polymerization of the proteins.

Thus, it

~1as

proposed

that the ATP in high concentrations was serving as a sequestering agent binding divalent cations, and allowing for
depolymerizati.on and solubilization.

Subsequent use of EDTA

in lieu of ATP resulted in equivalen·t effects and confirmed
their suspicions.
For inbestigators interested in erythrocyte ghosts as
a source of membranes, this discovery lead to solubilization
tactics (25) which generally consisted of extraction with
aqueous EDTA followed by the rigorous 'application of organic
· and/or detergents and proteolytic· enzymes to disrupt the underlying stroma.

Erythrocyte AChE was found to be predominantly

associated with the EDTA fractio_n ( 26).
With these studies in mind, several
can be made.

importa~t

conclusions

First, some of the AChE from neural as vmll as

from nonneural tissues is loosely bound to membrane structures.

This is in contrast to earlier studies, which sug-

gest:ed that a major porti:on of the AChE had a high affinity
for membrane components, and perhaps comprised a functional unit of the membrane with characteristics of a lipoprotein.
Second, the mode of attachment appears to involve, in part,
divalent cations,

It is well known that Ca++ is important in

the excitability of nervous tissue,

Mg++ is also i_mportant

in membrane function -- that is, this ion is essential for the
enzymatic reactions involving the hydrolysis of ATP at the
membrane level (Na-K ATPase, adenyl cyclase),

These ions

are known to be intimately associated with membrane function
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and, therefore, would be likely candidates for the involvement in the binding of functional proteins to the membrane,
It is possible that monovalent cations (Na; K+) which are
essential to membrane function could also play a fundamental role in the interactions of membrane proteins.
Therefore, the specific aims of the research project
were1 (i) to study the effects of mono- and divalent cations
on the subcellular fractionation· and solubilization of AChE
activity in mammalian brain tissue to determine if these
cations could be involved in the binding of the enzymeprotein to membrane fractions, ( ii) to attempt to understand how the effects of the cations can be explained in
terms of membrane structure and derive some appreciation ·of
the physical-chemical forces involved, a.-J.d (iii) to establish
the optimum solubilization cohditi.ons for AChE as a base for
further purification.
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II, MATERIALS AND METHODS

A.

Preparation of Tissue and Subcellular Fractionation.

Bovine brains were obtained fresh from a local slaughterhouse within one hour of sacrifice and
to the laboratory,

transport~d

on ice

The paired caudate nuclei, each ap- .

proximately 2 g. were dissected out, freed of most of the
extraneous white matter and blood, and placed in ice cold
0,32M sucrose,

When not used that day, the tissue could be

maintained for as long as one minth no detectable loss of
activity by sealing them in Parafilm and freezing at -20 C.
The tissue dissection and all subsequent procedures \vere carried out at approximately 4°C,
The tissue was homogenized in nine volumes of 0.32N suerose buffered at pH 7,0 with lOrnM imidazole, \vith a Pyrex tissue grinder (Teflon pestle, 0,006"-0,009" clearance) driven
by a Bodine Motor Model 106 at a pestle speed of 2500 rpm for
10 strokes.

In:termittent cooling on ice avo.ided overheating

of the vessel and possible enzyme inactivation..

It was critical

that the speed and number of times that the homogenate was
·forced past the pestle be standardized to obtain a uniform dis- .
. ruption of the cells from experiment to experiment. The subcellular components were then separted by differential centrifu ..
gat ion.
Two. modification of the subcellular fractionation schemes
.reported by Chan (21,22) were used depending on the aims
design of the particular experiment,

Scheme ffi1 (Fig, 1) re-

13

SUBCELLULIIR r'RACTIO!I/mo:r (Sohcmo II 1) .

Fig, 1 -

10% liomogeMtc (0.32H sucrose buffered)
CentrifUge GOOG
10 min.
--------~ Pollet.

Hash >rith 1/2 vol=c
·...:.

,.

Centrifuge 600g 10 min.

v
Supernatant + wash
lluolcur Frr.cticn
Centrifuge 10,000g 15 min,

-.
gito 1
Supernrl.te..11.t

CentrifuGe 80,000g

75 min.
Sup l

l'dlet l (Resuspend in original volur"c)
CentrifUge lO,OOOe 15 min.
!!.ito 2
Sup~rnntnnt

Centrif\\&e 80,000g 75 min.
Stt!' 2

)'cll<:t 2
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~'ig, 2

- SUBCELLULAR FRACTIONATIO:I (Scheme /i 2)
.. ·

10/:( Homogenate (0.32HSucrose buffered.)
Centrifuge 600g
10 min

1-----------

pellet
1>ash with 1/2 volume
· ·.· Cli;intrifuge 600g :for 10 min
Superne.te.nt + wash"""-·----:"

1

· Nuclear Fraction
Centrifuge 80,000g
75 min
pellet

1

(resuspend in original volume)

sti.r overnight
Centri:fuge SO,OOg for 75 min
r-·------------------------~Superrtatant 2
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sulted in a rather complete separation of the principal
subcellular components and was applied to the study of the
effects.of ca++ and EDTA as they influenced the subcellular
distribution of AChE and proteins in general (Tables, I, II,
and III).

Scheme 112 (Fig. 2), an abbreviated version of

Scheme {fl, did not allow for the separation of the mitochondrial and microsomal fractions and the composite pellet became the source of the soluble enzyme.

This technique was

used for the remaining experiments studying the solubilization
of AChE from the composite fraction -- the details of which will
be discussed.
In fractionation scheme 411, the homogenized tissue
was first centrifuged at 600g for 10

rninut~s

on a Sorvall

RC-2 Superspeed refrigerated centrifuge (SS-34 rotor) followed
by washing of the nuclear pellet with

!:! volume of the

genization medium and recentrifugation.

horno-

The· supernatant

and wash were combined (post-600g supernatant) for furt:her
fractionation at lO,OOOg for 15 minutes to yield the crude
mitochondrial pellet (Mito 1).

Centrifugation at 80,000g

for 75 minutes on a Beckman L3-40 ultracentrifuge permitted
the di.visi.on of the post lO,OOOg supernatant into a "cytosol"
fraction (Sup 1) and the crude microsomes (Mic 1), Resuspension of Mi.c 1 in the original volume and back-centrifugation
(lO,OOOg for 15 minutes) removed any mitochondrial contamination of the microsomes.

This pellet was designed as the

second mitochondrial fraction (Mito 2) and the supernatant
was subsequently spun at 80,000g for 75 minutes to obtain
microsomal pellet 2 (Mic 2) and supernatant 2 (Sup 2).
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To test t:he effects of Ca++ and EDTA on the

sub~

cellular fractionation of AChE -during differential

cen~

trifugation, various concentrations of CaC1 2 were added
to the original homogenization media. All intermediate
pellets were resuspended in the original ion- or

EDTA~

sucrose solution, and the final nuclear, mitochondrial,
and micorsomal pellets were resuspended for assay in
0.32m sucrose, lmM EDTA (pH 7.0)

in~

the original

vol~

ume,
The experiments for the solubilization of AChE
from membrane fractions were done following subcellular
fractionation scheme #2.

The membrane fraction for

sol~

ubilization was prepared as described above by fi..rst
removing the nuclear fraction .(N.F) followed by centrifugation of the J:lOSt-60Qg supernatant at 80, OOOg for 7 5
minutes,

This resulted in a large particulate fraction

which included both the mitochondrial and microsomal
pellets,

By dividing the

vost~600g

supernatant into

equal fractions before centrifugation, pellets could be
obtained, l'lhich could then be exposed to differential
conditions,

i·~··

different ion concentrations.

The pellets were rehomogeni.zed in the appropriate
experimental

medium~-the

suspension volume being adjusted

to maintal.n the approximate 10% w/v dilution.

The re-

suspended pellets were stirred on a magnetic stirrer for
24 hours at 4°C, followed by centrifugation at 80,000g
for 7 5 minutes.
natant

The AChE and protein found in the super-

(Sup 2) 1vas considered soluble,

The final NF and
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microsomal pellets were resuspended for assay in

~

the

original volume in 0. 32M sucrose, lOmM imidazole, pH

7.0.

The enzyme activity and protein content were de-

termined in all fractions and calculated as the percentage of that originally present in the homogenate.
The solubilization of AChE activity as affected by
mono- and divalent cations was examined by resuspending
the first post-80,000g pellets in 0.32M sucrose, lOmM
imidazole, pH 8.0, with various concentrations of the
cations (chloride

salts)~

This was followed by stirring

and centrifugation as described above and the amounts of
soluble AChE activity and protein were determined.
A similar procedure was used to study the effects
of pH and EDTA on the amount of solubilization,

For the

control curve the pellets were resuspended in 0.32M
sucrose, and using lOmM imidazole t:itrated to the appropriate pH with HCl.. When lmM EDTA was add,ed at each pH,
additional quantities of imidazole were required to
buffer the acid EDTA, reaching a maximum of 45mM at pH
8.0.

Because of this problem, the imidazole concent.ration

was normalized to 45mM over the pH range studied.

In

other experiments the minumum concentration wa:s used to
titrate the EDTA-sucrose solution to the desired pH (SmM
at pH 7,0, 17mM at 7.5).

These pH-EDTA experiments were

designated in the Results as Control, EDTA, and T-EDTA
pH curves respectively.
To obtain maximum solubilization of AChE activity, the
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post 80,000g pellets were·repeti.tively resuspended in the
T-EDTA media, stirred and recentrifuged at 80,000g for 75
minutes to obtain the additional supernatants 3 and 4.
The varying imidazole concentration experiments were
performed by resuspending the first
3,10,30,

post-80,000g pellets in

and lOOmM concentrations of imidazole .in 0.32M

sucrose at pH 8.0.
The pH-imidazole fractionation experiments were done
by changing the hydrogen ion and imidazole concentrations of
the original homogenization medium and centrifugation according to scheme fi2. · Likewise for the buffer system studies,
lOmM concentrations of tri.s (hydroxymethyl) amino methane,
sodium barbital (NB), disodium phosphate (NHP), or imidazole
(IMZ) and 0.32M sucrose constituted the homgenization solution,
The UQ!U;.-80,000g pellets were-resuspended in the same solution,
except that the pH was changed to 8,0 for solubilization.
Reconsitution of the soluble enzyme with the membrane
fraction was accomplished by recombining Pellet 2 with Sup2
in the presence of ca++ and Mg++, left standing overnight,
and recentrifuged at 80,000g for 75 minutes.
B.

Acetylcholinesterase Assay
Marked differences exist as to the substrate specificities

of the two cholinesterases most frequently encountered in
mammalian tissues.

The serum enzyme designated as pseudo

or butrlcholinesterase (BuChE) hydrolyzes propionyl and butrylcholine (BuCh) at a higher rate than acetylcholine(ACh) (27),
while true or acetylcholinesterase (AChE) from erythrocytes
or nervous tissue prefers the

natu~al

substrate, ACh (28),
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The acti.vity of AChE in these studies was determined at 25
pH 8, 0 by the colorimetric me.thod of Ellman (29),

c

C,

The sub-

strate used, acetylthiocholine (Arc)·, has the same specificity
for AChE as ACh, but the rate of. hydrolysis is somewhat slower,
BuChE activity in the caudate nucleus was shown by Chan

~

al. ·

(21) to be one-fiftieth of that with ATC as the substrate;

and,

therefore, would not signi. ficantly affect accurate determinations of AChE activity,

The reaction was linear for at least

10 minutes and was measured on a Hitachi Perkin-Elmer Model
139 or a Beckman Acta II UV-visible spectrophotometer at 412
m , O.lOmm

~;>lit

width.

One unit of enzyme activity was de-

fi.ned as the amount of AChE that hydrolyzed 1 mole of ATC
per hour at 25·c, and specific activity >·las expressed as
units per mg of protein,

The enzyme activity was the mean

of duplicate samples, and the speci.fic protocol and rep.gents
for the procedure were as follows:
(i)

The appropriate amount of enzyme was diluted in a
cuvette with glass-distilled water(see below)
using a 2 ml.-pipette, graduated in 0.01-ml,, so
that the enzyme+ water equaled 1,80 ml,

(ii)

(iii)

lOOOA 0,30M Na 2HPo 4 , pH 8.0 was added with a
micropipette,'
The phospate buffer was followed by 100?-. O.OlM
DTNB and gently mixed with a rod.

I~ l.V
• )

The spectrophotometer was adjusted to zero absorbance with the above solution as the reagent blank
for each sample.

100Aof ATC was added with a
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micropipette and gently but throughly mi.xed again,
Total volume in the cuvette was 3.0 ml,
(v)

The reaction was followed for 3 minutes, with
readings taken every minute to insure linearity and
the average

OD/rninute calculated.

The followi.ng

solutions were prepared accordingly:
DTNB:

5,5'-dithiobis-(2-nitrobenzoic acid)
(O,OlM)--39,6 mg. were dissolved in 10.0
ml. of O.lM Na HP0 4 (pH 7.0) and 15 mg. of
2
NaHC0 were added. This reagent vlas kept
3
for several months in the refrigerator with
no loss of activity.

ATC:

Acetylthiocholine iodide ( 30mN) - 87.0 mg. ·
were dissolved in 10,0 rnl. of dist:tlled
water,

This solution was made fresh each

day and kept on ice,

c.

Protein Determination
Total protein was determined by the method of Lmvry ( 30)

in lvhich a colored complex was formed that is thought to be
due to a complex between the alkaline copper-phenol reagent
and the tyrosine and tryptophan residues of the protein.

A standard solution of bovine serum albumin (BSA)
(200 g/ml.) was prepared and a standard curve from 10-60 g,
was determi.ned.

The unlmown protein samples were then read

from the standard curve.
( i)

The details were as follows:

Duplicate samples of BSA, 501\, lOOi\, 200/\, 250:.\,
and 300

were diluted to 1,5 ml. with glass-distilled
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water in centrifuge tubes using a 2 ml. -pipette
graduated in 0, 01 ml..
(ii)

To each tube was added 1000/\·.of Reagent C with a
micropipette and mixed (Vari-Whirl Mixer, lvill
Scientific),
After 10 minutes, 100

of Reagent E was added

while the solution was being mixed.

After 30

minutes, the optical densities were read quickly
at 750nm , 0.5 mm slit width against a blank
containing the appropriate proportion of reagents
.minus the BSA.

A 2-8% increase in color was ob-

served from 30-60 minutes after the addition of
Reagent E--this dictated that accurate timing
had to be observed when the standard and unknown
samples.were assaye<;J separately,
(iii)

Unknown protein samples were diluted (if necessary)
with distilled water to fall within the range of
the standard curve.

The 10% homogenate required

a 20-fold dilution, the NF a two-fold, and the
mitochondrial and microsomal pellets a 10-fold
dilution.

A 50 'i\ aliquot of the unknown samples

was taken in duplicate and diluted to 1. 5 ml.;
followed by the same procedure as detailed above
beginning \¥ith Reagent C,
Na.""<imum color developed with the reduction of the proteincopper complex occurred at a pH of 9.2 in contrast to 10.0
as reported by Lowry.

This was highly significant for the

color diminished as the pH changed only slightly and could
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have been a source of variation.

The solutions for the

assay were as follows•
Reagent A1

2%.Na 2co 3 in O.lN NaOH.

Reagent B1

Separate stock solutions of 1. 0%

o and 2.0% NaK tartrate were
2
made up in glass-distilled water. Ali-

Cus0 4• 5H

quots were taken at the time of the assay
and mixed 1:1 to give a final concentration of 0.5% Cuso 4 •SH 2o in 1.0%
NaK tartrate. Premature mixing of the
two solutions would eventually result
in precipitation of the chemical constituents. ·
Reagent E1

Folin.-Ciocalteau phenol reagent

~vas

adjusted with glass-distilled water
to make it O.lN in acid ( l ; i dilution) •.
This reagent was stored in an amber
bottle and refrigerated.
BSAs

200 g/ml (aqueous solution) was stored
for as long as a month at a time with
no detectable loss of activity.

Water:

The \vater for all assays and solutions
was prepared by passage through a Culligan RSl Reverse Osmosis System, followed by metal distillation, glass
distillation (Corning AG-3) and deionizatiom with a Crystalab Deeminizer.
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D.

I~eagents

and Chemicals

All reagents and chemicals were of analytical grade.
Acetylthiocholine, 5, 5' -dithiobis-( 2-ni tro benzoic acid),
imidazole, Trizma Base tris (hydroxymethyl) aminome.thane,
and bovine serum albumin were obtained from Sigma Chemical Co.
(St. Louis, Mo,); ethylenediamine te·tracetic acid ( EDTA) from
Aldrich Chemical Co. (Milwaukee, lvis.); sodium barbital from
Mallinckrodt Chemical \vorks (St. Louis No.); and Folin-Cio. calteau phenol reagent from Uni-Teck Chemical Manufacturing
Co. (Sun Valley, Calif.).
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III.
A.

RESULTS .

Subcellular Fractionation of AChE Activity
The classical subcellular fractionation techniques for

brain tissue were pioneered by lfuittaker ( 31) and DeRobertis
( 32).

They adapted· a four- step procedure originally de-

signed for liver fractionation.

There appeared

1:0

be sig-

. nificant differences betlveen liver and brain tissue--especially in regard to the mitochondria.

Both groups of in'- ·

· vestigators were able. to demonstrate that this crude mitochondrial fraction of brain contained what appeared to
be isolated nerve endings (termed synaptosomes) when examined by ell:letron microscopy.

The synaptosomes ivere sub-

sequently found to be rich in neurotransmitters and the
enzymes associated with their synthesis and degradation.
In addition to synaptosomes, Koenig ( 33) demonstrated that
a fraction rich in lysozymes could be isolated from the crude
mitochondrial fraction.
Brain microsomes, like those obtained from other tissues,
are regarded as derived largely from the endoplasmic reticulum and the plasma membranes (34), although other membrane fragments may be present.
The follmving experiments will illustrate the variation
in the distribution of AChE amon the subcellular fractions
of mammalian brain tissue depending on the composition of the
homogenization and centrifugation medium.

The principle

TABLE I. - THE EFFECT OF CALCIUM ON THE SUBCELLULAR FRACTIONATION OF AChE ACTIVITY
~£AN PERCENT OF TOTAL AChE ACTIVITY± 1 S.E. ~

FRACTION

Homogenate

CONTROL

O.SmM c:a++

100.0

100.0

Nuclear

2.1 ± 0.1

Mito 1

38.5 ± 1. 7

Mito 2

l.OmM Ca++
100,0

lmM EDTA
100.0

1. 3 ±

o. 3

3.3 ± 0.8

24.8±0.1

±

2.5

51.6 ± 2.1

40.8 ± 2.9

5.5+ 1.4

7.4:t;LO

4.7±1.0

5.1 ± 1.1

Sup 1

7.2 ± 1.7

6.2 :1: 0.1

4.8 ± 0.7

9.6 ±

Sup 2

4.1

Microsome

±

0.1

31.0 ± 3.8

58.3

1.7

±

0.1

20.4 ± 3.4

o.s

± o.o

4.6 ± 0.1

5.8 ± 1.5

24.5 ± 2.9

0.1

2 Experiments were performed by homogenizatio:l in 0.32M sucrose in lOmM imidazole,
containing the appropriate concentration of calcium or EDTA at pH 7. 0. Each
value represents the mean of four separate experiments,
N
lJ1

TABLE II. - THE EFFECT OF CALCIUM ON THE SUBCELLULAR FRACTIONATION OF AChE ACTIVITY

MEAN SPECIFIC ACTIVITY Vtmoles of ATC hydrolyzed/ing protein/hr) ± l S.E,l!
FRACTION
CONTROL

0. SmM Ca++

1. OmM Ca++

l,OmM EDTA

Homogenate

34.0 ± 1.4

34,0 ± 1.4

34.0 ± 1.4

34.0 ± 1.4

Nuclear

10.3 ± 1.2

13.1:!: 4.1

16.4 ± 2.8

7.6±1.6

Mito 1

29.6 ± 2.8

32.2 ± 3. 7

33.7 ± 2.5

34.1 ± 0,1

Mito 2

42.7 ± 4.4

42.4 ± 8.8

so. 5

± 1. 7

46.7 ± 4.9

Sup 1

17.4 ± 2.2

14.8±1.3

12.5 ± 0.9

20.9 ± 2.7

Sup 2

85.7

=4.9

50.5 ± 5, 2

33.2 ± 6.1

125.9 ± 14.7

Microsome·

77.0±6.0

101.4 :i: 12.9

77.3 ± 5.3

101.0 ± 13.7

a Experiments were performed by homogenization in Q,32M sucrose in 10mM imidazole,
containing the appropriate concentration of calcium or EDTA at pH 7.0, Each value
represents the mean of four separate experi.ments,
N
0\

TABLE III. - THE EFFECT OF CALCIUM ON THE SUBCELLULAR FRACTIONATION OF PROTEIN
MEAN PERCENT TOTAL PROTEIN ± 1 S.E.

s

FRACTION

Homogenate

0. SmM ca++

1.0mM ca++

1.0mM EDTA

100.0

100.0

100.0

100.0

Nuclear

8.3±1.0

8,0 ± 2.3

2.7

6.6 ± 1.2

Mito 1

40.0 ± 3.0

55.1 ± 2.4

59.2 ± 4.1

39.8 ± 4.4

Mito 2

6.1 ± 0.3

4.9 ± 0.5

3.3 ± 0.7

4.0 ± 1.0

Sup 1

13.9 ± 1.3

12.5± 0.1

14.2 ± 1.0

15.2 ± 2.2

Sup 2

2.8 ± 1.3

1.1 ± 0.2

1.1 ± 0.2

.1.0±0.4

15.1 ± 1.2

6.3 ± 0.9

3.9 ± 0.9

9.1 ± 1.1

Microsome

5

CONTROL

12.6

:1:;

Experiments were performed by homogenization in 0.32M sucrose in 10mM imidazole,
containing the appropriate concentration of calcium or' EDTA at pH 7.0. Each value
represents the mean of four separate experiments.
N
-..!
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fractions of interest will be the nuclear, mitochondrial
(synaptosomal) , micro somes (membranes), and soluble fractions.
Differing ionic conditions such as pH, cation composition,
and the nature of the buffering component will be shown to
dramatically change the separation of the subcellular
components during centrifugation and the amount of AChE activity associated with each fraction.
Jhe Effect of Varying Concentrations of Ca...-:

Under co.ntrol

conditions, the AChE activity (Table I) sedimented in the
crude mitochondrial (44%) and microsomal fractions (31%).
Although most Of the enzyme activity was present in the mitochondrial fractions, the specific activity (Table II) was
greater in the microsomes due to the smaller amount of
pro.tein (Table III) in that fraction.

The first supernatant·

fraction (Sup 1), generally accepted as the fraction •rhich
contains the soluble proteins of the cytosol, contained about
7% of the total AChE activity, but had low specific activity.
The second supernatant (Sup 2) containing solubilized proteins
derived from membranes (20,21) had the highest specific activity and also contained the smallest amount of protein, The
NF accounted for only 2% of the enzyme activity.

This was

probably due to contaminating enzyme activity in the cellular
debris and erythrocytes which normally sediment in this
pellet.
With the addition of Ca++to the homogenization medium
at a concentration of O.SmM, there was a shift in both enzyme
and protein content to the mitochondrial fractions com-

TABLE IV, - THE EFFECT OF VARYING pH AND IMIDAZOLE CONCENTRATIONS ON
THE SUBCELLULAR FRACTIONATION OF AChE ACTIVITY g
PERCENT OF TOTAL AChE ACTIVITY
FRACTION

pH
lOmM IMZ

NF

Sup 1

Sup 2

45mM

U1Z

100mM IMZ

7.0

3.7

34.9

40.0

8.0

0.7

1.0

2.8

7.0

7.3

6.5

9,1

8.0

7.5

10.6

11.1

7.0

. 8.5

2.1

1.8

8.0

32.0

22.3

8.2

1! Subcellular fractionation was performed in 0,32M sucrose with the appropriate

imidazole (IMZ) and hydrogen ion concentrations.
results of one experiment.

Each value represents the

N

'-D

TABLE V, - rrlE EFFECT OF EDTA ON THE SUBCELLULAR FRACTIONATION OF AChE ACTIVITY
PERCENT OF AChE ACTIVITY

s

FRACTION

s

pH 6.5

pH 7.0

pH 7,5

NF

40.2

34.9

26.9

1.0

NF + EDTA

32.6

32.4

13.4

0.6

Sup 1

5.5

6.5

7.6

10.6

Sup 1 + EDTA

6.8

7.7

11.1

10.2

EDTA concentration was lmM in 0.32M sucrose,
of one experiment.

pH 8,0

Each value represents the results

w

0
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promising that found in Sup 2 and in the microsomes,

At a

higher concentration (l.OmM), there was a shift to the NF
and a decrease in the mitochondrial, microsomal, and Sup 2
fractions, suggesting that aggregation had occurred.

Sup 2

was especially sensitive to changes in ca++ concentrations,
decreasing in total AChE activity from 4% to 0.1.% and specific
activity from 86 to 33fi!lloles/mg/hr at L OmM.

Sup 1 changes

were relatively minor compared to Sup 2, which suggests
that the enzyme activity present in Sup 1 must already be
in -the soluble form in the intact cell, While that found in
Sup 2. was originally bound to membrane structures and .subsequently released during homogenization and centrifugation
procedures,

It can be assumed that this effect on Sup 2 was

partially calcium-dependent as sugges.ted by the calcium and
the EDTA experiments to be described next.

Related to this

are the observations of Hollunger and Niklasson (35) who
found that the AChE activity of their "cytosol" fraction
was relatively constant and never contained. less that 5% of
the total activity,
The Effect of Ethylenediamine Tetraacetic Acid (EDTA).

The

EDTA effects on the distribution of AChE activity and protein \vere minimal when compared to the control experiments.
It is noteworthy, however, that the specific activity of Sup
2 was increased 45%,
The Effect of pH,

The effect of pH was studied at 7.0 and

8,0 \vith imidazole (IMZ) buffer (Table IV),

When the pH

was increased from 7.0 to 8,0 (at lOmM H1Z), the AChE activity
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present in the NF decreased, increased in Sup 2, and had
virtually no effect on Sup 1.

The enzyme activity sedi_..,

menti.ng in the NF was increased markedly at pH 7 and less
so at pH 8 by increasing the IMZ· concentration.

The amount

of AChE activity in Sup 1 was relatively unaffected with
simi.lar changes in buffer concentrations.

AChE activity in

Sup 2 decreased significantly at both pH 7 and 8 as the
concentration was increased,

I~Z

The data suggests that in-

creasing the pH preventing smaller subcellular components
containing AChE activity from sedimenting in the NF, probably ·
by inhibiti.ng the aggregation of these particles.

This may

be related to the increased release of enzyme protein from
the microsomes into Sup 2.
The effect of 1mM EDTA in. combinati"on .with. varying .
pH conditions on the fractionation of AChE activity is. shown
in Table V.

As was observed above, an increase in pH re··

sulted in a decrease of AChE activity associated with the NF.
This was enhanced with the addition of EDTA at each pH except
7.0.

In these experiments the enzyme activity of Sup 1 was

depressed somewhat to 5.5%, but returned to normal values
(7-10%) as the pH increased.

EDTA had very little effect

on Sup 1.
The Effect of Imidazole, Iris, Barbital, and Phosphate Buffers.
The experiments described thus far were buffered to the appropriate pH with UJZ.

It was shown that pH influenced the

subcellular fractionation, but the concentration of the bufwas also a factor.

This suggested that the fractionation
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might be uniquely affected by the particular buffer used
during centrifugation.

Four commonly used buffers, imi-

dazole {IMZ), sodium barbital (NB), Tris, and disodium phosphate (NHP) were chosen and results are shown in Table VI.
The AChE activity sedimenting in the NF varied from 3% with
IMZ to 34% for NHP.

The enzyme activity present in Sup 1

was remarkablY constant for all buffers, while that present
in the particulate fraction was inversely proportional to
that 1.n the NF,
In all probability the ionic properties of the buffer
must have been responsible for the differing effects.

NHP

differs chemically from the other buffers, being the salt
of a weak inorganic acid and having two moles of Na+ per
mole of phospate.

To test the possibility that the Na+

could perhaps account for: the extreme effects of the buffer,
approximate molar concentrations of Na+ were added to the
other buffers and the experimen repeated.

The additional

cation concentration did in fact increase the AChE activity
of the NF for all buffers, but the response was strictly
additive,

As before, the enzyme activity in the particulate

fraction was inversely proportional to the amount present in
the NF.

This infers (at least for NHP) that the Na+ is impl-

-

.

icated in the gross shift of enzyme activity to the NF.

NB,

though containing Na+, left only 4% of the AChE activity in the
NG as compared to 34% with NHP in the control experiment.
with the extra lOmM Na+, the effect was not additive.

This

must mean that other properties of the buffer must be con-

Even

~--~·~-

~-J·-~

TABLE VI. - THE EFFECT OF VARIOUS BUFFERS AND SODIUM ON THE DISTRIBUTION OF
AChE IN THE SUBCELLULAR COMPONENTS OF OX CAUDATE NUCLEUS TISSUE
MEAN PERCENT TOtAL AChE ACTIVITY :1: 1 S,E, g
BUFFER

mM Na+

N
SUP 1

NF
Imidazole

1.3 :1: 0,6

8.0 :1: 0.4

72.4:!: 1.5

o. 6

9.8 ± 2.4

39.8:!: 0.1

3

33.<:)±4.6

9.3±1.9

34.0 ± 4.8

10

3

4.9 ± 0.9

8.5 ± 0,4

69,0 ± 2.5

20

2

27.4±0.7

9.4 ± 0.7

55.6 ± 5.2

0

3

15.8 ± 2.7

9.4 ± 2.0

75.3 ± 2.5

20

3

62.5 ± 1.2

8.2 :I: 2.0

31.2 :I: 2.3

0

3

20

2

45.6 ±

Na 2HP0 4

10

Na Barbital

Tris

PELLET

£!Homogenization was done in 0.32M sucrose with the buffer concentration at lOmM,
pH 7. 0. The addition of the appropriate Na..- concentration was to the homogenization
media, N = number of experiment.
.....,
~
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sidered in interpretating the data.
B.

Solubilization of AChE activity and Membrane Proteins-

The Effect of Divalent Cations.

It was suggested by Chan (20,

21) that divalent cations might be responsible for maintaining the association of AChE to the membrane.

Subcellular

fractionation experiments with calcium in this study tend to
support this view,

The results of further study on the ef-

fects of divalent cations (Ca++and Mg++)on the solubilizati.on
of AChE activity and other membrane proteins from a particulate fraction are shown in Table VII.

Over 11% of the

AChE actiVity and approximately 5% of the protein wa.s solubilized by rehomogenization and recentrifugation in 0.32M
sucrose, buffered at pH 7 with IMZ. · Increasing the Ca++ and
Ng+l· concentrations from 0.1 to 2.0mN prevented the solubi.•
lization of both AChE and tot·al protein---the effect being
i.

I

greater for AChE >vith bo·th ions.

Lmver concentrations of

ca++ were more effective in suppressing solubilization than

I

the comparable Mg++ concentration, but with higher concentra-

!

tions (l-2ml1) there was no difference,
To test whether the solubilization was reversible, Sup
2 and the particulate fractions were recombined in the presence of ca++and Mg++and recentrifuged,

Reconstitution

occurred for both AChE and total proteins with both ions as
shmm in Table VIII, but the results were not conclusive.

Thus,

the use of divalent cations was not as effective as when they
were used to prevent solubilization,
effects

~lith

To determine whether the

calcium and magnesium were characteristic

36
for divalent cations in general, preliminary experiments were
performed in combination with lOOmM Na+ (Table IX),
Mg++did not have an additive effect,

Ca-l+ and

Na++appeared to be

depressive in combination .with ca+!".
The Effect of Monovalent Cations,

The monovalent cation ef-

feet was further investigated, however, at lower concentrations,

The following four ions, ·Na+, K+, Li+, and NI-rt.were

studied to determine whether there might be a specificity for
a particular ion.
in Table X.

The results of these experiments are shown

All of the cations inhibited the solubilization

of AChE by approximately the same degree: 53-57% at 5mM and
87-90% at 20ml'1.

The decrease in specific activity of the

solubilized fractions indicated a selective effect on the
binding of the enzyme to membrane. fractions, but .·the lack
of specificity between the monovalent cations suggests. a more
general mechanism.
Sodium, because of its predominatly extracellular compartmentization and biological importance, was the monovalent
cation selected to study in more detail with respect to concentration.

The results are shown in Figure. 3.

AChE solu-

bilization 1vas effectively depressed from a control value of
23% to 4% with lOmM Na+, with an apparent half-maximal inhibition occurring at 13 mM,

The total protein solubilization

curve was similar in shape, but half-maximal inhibition was
approximately 6mM.

The data shown here, along with the ob-

servations of other investigators (11,36,37,38) strongly
implies that monovalent cations could be important in

TABLE VII. - THE EFFECT OF VARYING CONCENTRATIONS OF DIVALENT CATIONS ON THE a
SOLUBILIZATION OF AChE AND PROTEINS FROM A PARTICULATE FRACTION -

IONS

PERCENT AChE
SOLUBILIZED ·

PERCENT PROTEIN
SOLUBILIZED

11.5 (10.0-12.9)

4.9 (4,8-5.0)

0,1

6.8 (6.3-7.3)

3.1 (2.7,...3.6)

0.5

6.8 (6.7-6.9)

3.1 (2.7-3.5)

1.0

6.0 (5.8-6.2)

2.9 (2.6-3.2)

2.0

4.7 (4,6-4.9)

2.8 (2.4-3.1)

0,1

9.0 (8.1-9.9)

4.9 (4.4-5.3)

0.5

7.8 (7.1-8.3)

4.9 (4.5-5.3)

1.0

6.0 (5.7-6.2)

4.5 (4.4-4.6)

2.0

4. 7 (4.3-5.1)

4.3 (4.0-4,5)

mN

0

ca++

Mg++

a

Solubilization was performed in 0.32M sucrose maintained at pH 7.0 with lOmM
imidazo 1 e, Each value represents two separate ex'Periments ,· The values in
parentheses indicate the range of the actual data.

IN
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TABLE VIII. - THE EFFECT OF DIVALENT CATIONS ON THE RECONSTITUTION OF
SOLUBILIZED AChE ACTIVITY WITH PARTICULATE COMPONENTS 2

IONS

mM

0

PERCENT AChE ACTIVITY
REMAINING SOLUBLE

PERCENT PROTEIN
REI>lAINING SOLUBLE

27.8

7.0

ca++

2.0

21.4

4.5

Mg++

2.0

21.7

5.1

a After separation by centrifugation, the soluble and particulate fractions were
recombined with the addition of the appropriate ions, left standing overnight,
and recentrifuged at 80,000g for 75 minutes. Each value represents one experiment,

\.o)

co

"~-~~.~--.~~~~~~

TABLE IX. - THE EFFECT OF MONO- AND DIVALENT CATIONS ON THE S<;aLUBILIZATION
OF AChE AND PROTEINS FROM A PARTICULATE FRACTION -

PERCENT AChE
SOLUBILIZED

PERCENT PROTEIN
SOLUBILIZED

13.7

6,1

ca++

5.6

s.o

Mg++

4.0

s.o

ca++ + Mg++

3.6

4.0

Ca++ + Na+

3.1

4.6

Ca++ + Mg++ + Na+

3.5

4.7

IONS

0

.ia

Ion concentrations wer l.Om.M for calcium and magnesium, and lOOmM for
sodium. Solubilization was performed in 0.32M sucrose, pH 7.0,
buffered with lOmM imidazole.

w

\0

TABLE X,·- THE EFFECT OF MONOVALENT CATIONS ON THE SOLUBILIZATION OFa
AChE ACTIVITY AND PROTEINS FROM A PARTICULATE FRACTION
IONS

mM

PERCENT AChE
SOLUBILIZED

Na+

5

9.8 {8.8-11.8)

4.0 (3.4 .. 4.5)

69.4 (62.4-76.3)

20

3.0 (2.6-3.4)

4.5 (4.1-5.2)

16.9 (16.5-17.3)

5

10.2 (10.0-10.4)

3.8 (3.3-4.4)

73.6 (66.8-80,5)

20

2.2 (2.1-2.3)

4.3 (4,0-4.6)

17.7 (16.5-18.9)

5

10.1 (9.9-10.2)

3.5 (2.9-4.0)

71.2 (64,8-77 .8)

2.1 (2.0-2.2)

4.2 (3.6-4.7)

17.6 (15.1-20.1)

10 7 ( 9 4-11. 9)
0

4.2 (3.4-5,0)

72.8 (57.8-87.8)

2.0 (1.9-2.1)

4.4 (4,3-4.5)

15.8 (15.5-16.0)

K+

Li+

20

NH!

5

20

0

PERCENT PROTEIN
SOLUBILIZED

SPECIFIC
ACTIVITY

.§.Solubilization was performed at pH 8.0 in 0.32M sucrose buffered with lOmM
imidazole, Each value represents two separate experiments,
The values in parenthese indicate the range of the actual data,
.l'0

FIGURE 3 - THE EFFECT OF SODIUM ION CONCENTRATION
ON THE SOLUBILIZATION OF AChE E

a

Solubilization was performed by homogenization
and centrifugation (80,000g for 75 minutes) of
pellet 1 (scheme 112) in 0. 321-1 sucrose, lOmM
imidazole, pH 8.0. Each value represents the
mean of two separate experiments. The vertical
bars indicate the range of the actual data.
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stabilizing protein interactions with other components of
the membrane structure.
The Effect of pH.

The experiments on subcellular fraction-

ation of AChE activity showed a marked pH dependence,

The

effects of pH on the solubilization of AChE from membrane
fractions were, therefore, studied on a particulate fraction
prepa1·ed at pH 7 with 0. 32H sucrose in lOmM imidazole,

Solu-

bilization of AChE activity increased with increasing pH as
shown in Figure 4. · Almost 30% of the total enzyme activity
was solubilize.d at pH 8 as compared to a meager 6% at 6, 5.
The specific activity increased over two-fold (69.4 to 141.7
~moles/mg/hr)

suggesting a preferential release of AChE pro-

tein.
Also from the subcellular fractionation experiments, it
was suggest:ive that EDTA has .a specific effect on the distrbution of AChE acttvity.

Therefore, the effect of pH in

combination with lmM EDTA was investigated,

This study was

complicated by the fact that in order to raise the pH of the
solubilization medium to pH 8, it was necessary to increase
the IMZ concentration from 10 to 45mM.

The effects of 45mM

IMZ at ph 7,7.5, ru1d 8 were relatively the same (Figure 5),
but inhibited solubilization at all three pH values when
compared to lOmN INZ (Figure 4) •

In the presence of t!SmN

IMZ, EDTA had no effect at pH 7, but increased the sotubilization approximately two-fold at 7.5 and eight times at pH
8 with a specific activity of 198 as contrasted with 115 at
pH 7.

----~~~~··-·~· --'-~-~~~~· ~~~~----·---~~~~~~~~~~.

FIGURE 4 - THE EFFECT OF pH ON THE SOLUBILIZATI~N
OF AChE FROM A PARTICULATE FRACTION -

.1!

Solubilization was performed by homogenization
and centrifugation (80,000g for 75 minutes) of
pellet (scheme ff2) in 0. 321-1 sucrose buffered at
the appropriate pH. The imidazole concentration
for the control curve was lOmM, For the EDTA
curve the imidazole concentration was 45mM.
The EDTA concentration was lmM, Each value re
presents the mean of two separate experiments,
The vertical bars indicate the range of the
actual data.
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FIGURE 5 - THE EFFECT OF pH ON THE SOLUBILIZATISN
OF AChE FROM A PARTICULATE FRACTION -

!!

Solubilization was performed by homogenization
and centrifugation (80,000g for 75 minutes) of
pellet 1 (scheme #2) in 0.32M sucrose buffered
at the appropriate pH. Control - 7mN imidazole
at pH 7.0, 17.5mM at pH 7.5, and 45mN at pH 8.0.
T-EDTA - the same as control, but with the addition of lmH EDTA. EDTA - 45mH imidazole at
each pH in combination >vith lmH EDTA. Each
value represents the mean of two separa-te experiments. The vertical bars indicate the range
of the actual data.
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FIGURE 6 - THE EFFECT OF pH ON THE SOLUBILIZATION
OF AChE FROM A PARTICULATE FRACTION ANTAGONISM BY lOmM SODIUM ~

-~

Solubilization was performed by homogenization
and centrifugation (80,000g for 75 minutes .
pellet 1 (scheme #2) in 0.32M sucrose buffered
at pH 8.0 with lOmM imidazole. Each value represents the mean of three separate experiments.
The vertical bars indicate the range of the data.
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TABLE XI. - THE EFFECT OF pH ON THE SOLUBILIZ~TION OF
AChE FROM A PARTICULATE FRACTION -

FRACTION
CONTROL

MEAN PERCENT AChE SOLUBILIZED (RANGE)
pH 7.5
pH 7.0
T-EDTA
T-EDTA
CONTROL

pH 8.0
CONTROL

T-EDTA

Sup 2

8.4
(7.4-9.4)

28.1·
(26.7-29.5)

6.4
(6.1-6.8)

33.4
(32.8-33.8)

6.7
(6.7-6.7)

40.3
( 37.2-43. 3)

Sup 3

3.3
(3.1-3.5)

9.2
(9.0-9.4)

2.5
(2.3-2.6)

4.2
(3.7-4.3)

2.7
(2.5-2.9)

12.6
(11.6-13.6)

Sup 4

4.0
(3.7-4.3)

4.6
(4.3-4.8)

2.7
(1.8-3.7)

4. 2
(4.1-4.3)

2.0
(1.9-2.0)

4.0
(3.9-4.1)

Total

15.7

41.9

11.6

41.8

10.7

56.9

a

-The T-EDTA medium contained the minimum amount of imidazole necessary to titrate to
the appropriate pH. The CONTROL medium contained the same imidazole concentration
without the EDTA. Each value represents the mean of two separate experiments.

U1

0

-~~~~-~~~-~~~~~~-

TABLE XII. - .THE EFFECT OF pH ON THE SOLUBILIZATION OF
AChE FROM A PARTICULATE FRACTION a

FRACTION

MEAN SPECIFIC ACTIVITY OF AChE (RANGE)
·pH 7.0
pH 7.5
CONTROL
T-EDTA
T-EDTA
CONTROL

pH 8.0
CONTROL

T-EDTA

Sup 2

80.5
(66.9-94.0)

(1 09. 5-113. 5)

60.0
(59.5-60.lf)

176.7
45.9
(170.7-181.0) (40.0-51.8)

197.3
(194.2-200.0)

Sup 3

67.8
(48.9-86.7)

96.4
(96,4-134.9)

51.1
(50.6-51.9)

128.8
(91. 3-166. 3)

46.2
(42.0-50.4)

106.3
(96.6-116.0)

.Sup 4

43.0
(40.5-45.9)

66.1
(65.7-66.5)

45,5
( 38.0-53, O)

68.8
(56.8-80.8)

43.4
(38.0-48.4)

59.3
(55.4-62.0)

111.5

a

-The T-EDTA medium contained the minum amount of imidazole necessary to titrate to the
appropriate pH. The CONTROL medium contained the same imidazole concentration without the EDTA. Each value represents the mea.'1 of two separate experiments,

V1
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If the minum amount of IMZ was used to set the pH of
the EDTA-sucrose solution (T-EDTA), SmH was required at pH
7 and 17.5mM at 7.5.

Under these conditions EDTA appeared

substantially to increase .the solubilizatlon of AChE activ.ity.
Thus, both the buffer concentration and the presence of EDTA
altered significantly the degree to which the enzyme could
be solubilized.
Na+ (lOmM) inhibited the solubilization of AChE by 90%
at pH 7.0 (Figure 3).

An experiment was designed to deter-

mine whether this monovalent cation effect was pH dependent.
The results (Figure 6) showed that the sodium ion effect
was independent to changes in pH since there were relatively
minor changes over the pH range studied as compared to the
control data.
Proceeding on with the T-EDTA solutions, incubation and
centrifugation twice to obtain Sup 3 and 4 resulted in 57%
of the enzyme be solublized at pH 8 (Table XI).

The total

and specific actl.vities were greatest in Sup 2 and diminished in Sup 3 and Sup 4 (Table XII).

Solubilization was en-

hanced by EDTA relative to the control and the effect \<7as
further increased with an increase in pH.
The Effect of Imidazole,

Figure 7 .shows the effect of the

increasing concentrations of imidazole on the solubilization
of enzyme.

As the concentration was increased to lOOmM,

there was an abrupt suppression of the solubilization
phenonemon and a further increase to 300mM further accentuated
this suppression.

Imidazole concentration appeared to have

very little effect on the overall protein solubilization.

.

--~~--.-... .)_....._~

....... ........
~

-~.~__,_

FIGURE 7 - THE EFFECT OF IMIDAZOLE CONCENTRATION
ON THE SOLUBILIZATION OF AChE ACTIVITY
FROM A PARTICULATE FRACTION ~
,_/

a
- Solubilization was performed by homogenization
and centrifugation (80,000g for 75 minutes) of
pellet 1 (scheme #2) in 0.32M sucrose, pH 8.0,
containing varying concentrations of imidazole.
Each value represents'the mean of two separate
experiments. The vertical bars indicate the
range of the actual data.
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IV.

DISCUSSION

It is well known that the ions (except NH! and Li+)
used in this investigation are all intimately associated with
membrane function, _i.g., active transport and/or excitability
of membranes,

It is also important to note that these ions

have been shov.'l1 to activate the basal activity of AChE (3943).

Therefore, it is not surprising that these mono- and

divalent cations appear. to affect- the behavior of membranes
in terms of solubilization.

It has been well established

that ca++ "stabilizes" membranes, in particular, excitable
membranes.

In the pre sene: study, C.a+l-pre·v'ent.ed the so lubi.li-

zatiGn of certain membrane proteins suggesting that a possible
functional and/or structural relationship exists between these
membranes proteins and Ca+;

Mg++twd actions similar to

that of Ca-l+; however, under normal physic logical conditions,
Ca++is considered the chief extracellular divalent cation,
therefore, its effect' is probably more important with respect
to AChE since the functions of Mg++are mainly intracellular.
The ability of divalent cations to cross-link anionic
groups in a coordinate covalent complex is well accepted (44).
In addition, divalent cation-bridging between adjacent lipid
phosphoryl groups has been reported (45,46).

Similar bridges

(between phosphoryl groups and carboxyl groups of protein
molecules exhibiting phospholipid-protein interactions or
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between adjacent carboxyl of membrane proteins) could account
for the ability of these ions to maintain the association of
the AChE molecule with other membrane components.
In support of this theory, electrofocusing (20) and
solubility studies (47) have shown that AChE is an acid protein with a relatively high content of aspartate and glutamate
residues (l18), which at pH 7 to 8 will contribute a substantial
number of negative charges to the protein,
to the membrane

If AChE is bound

by coordinating covalent bonds involving Ca++

and phospholipids or carboxyl groups of other membrane proteins, the increase in the solubilization of the enzyme with
EDTA.is. consistent with this theory,
The ability to prevent dissociation of AChE and other
nonspecific PJ.'oteins from membrane components by monovalent
cations was demonstrated in addition to the effects of· the
polyvalent cations 1-'lg++and Ca++.

The similarity of effects,

though, would not necessarily lead to an inclination to adopt
a unitary mechanism to explain both the monovalent and divalent actions.

Monovalent cations are not known at the present

time to participate in any well defined structural capacity
in membranes and (except at high concentrations) do not
increase the interfacial tension of phospholipid monolayers as
has been demonstrated unequivocally for Ca++ (49),
The divalent cation concentration necessary to inhibit
solubilization of AChE by SO% was approximately 0, SmM, while
that for Na+ was about 8mM, Braun and Radin (SO) reported
that Ca++ , Hg++ , and 1-'ln++ stabilized anionic protein complexes
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at concentrations as low as O,SmM, but higher concentrations (lSmM) were requi.red of Na+ and K+ to produce the
same effect,

Similar observations have also been made by

Hollunger and Niklasson (35) for the binding of AChE to
fractions derived from mammalian brain,

It is probable then

that the behavior of the monovalent cations must be explained
by another mechanism,
One possible explanation would be that the monvalent
cations diminish the hydrophilic nature of polar membrane
proteins,

For example, both AChE and membrane surfaces have

an abundance of negatively charged sites (51) and the sup-

."

pression or neutralization of the sites by monovalent cations
would t.end to decrease the hydrophilic character.

This effect

is reminiscent of the poor solubility _of protei.ns which exist!>
at their isoelectric point due to a lack of net charge on the
molecule,

Since surface charge is important i.n bringing

hydrophilic proteins into solution, suppression of the net
charge could prevent so lubi J. ization.
It should be emphasized that the cation bridging of divalent cations is merely a specialization of the more general physical-chemical description briefly discussed above,
but it seems to be more efficient in enhancing the proteinprotein or protein-phospholipid interactions by coordination
between the molecules in addition to modifying the charge and
hydration phenomenon,
In contrast .to these arguments, the data of Reynolds
and Trayer (52) suggests a more specific role for monovalent
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cations,

They found that inorganic univalent cations sup-

pressed the solubilization of membrane proteins of erythrocyte ghosts, while an organic cation, tetramethylammonium,
did not.
Not only did these ions affect the behavior of AChE
i.n terms of solubilizati.on, but it was clear that they had
marked effects on the subcellular fractionation. of both enzyme and total protein.

The arguments presented above are

still operative and could account for the shifts of enzyme
between the soluble and

particul~te

fractions as the. ion

concentrations were varied dUring the procedure.

Therefore,

further discussion is probably not just.ified,
Decreasing the hydrogen ion concentratl.ons of the solvent
system allowed for greater solubilization of .1\ChE and certal.n other undefined membrane. proteins.

This pH-dependent

solubilization became maximum around pH 8 and the shape of
the curve roughly resembled . an amino acid titration curvesimilar to the imidazole portion of histidine,

The pH re-

lationship observed by Sheetz and Chan (51) for erythrocyte
membrane proteins also resembled the titration curve of histidine.

They suggested that the enhanced protein solubili-

zation w·ith increasing pH reflected the decreased stability
of the ghosts as the net negative charge on the membrane
surface increased by the deprotonizati.on of histidine residues,
Another possibill.ty is that the characteristic pH curve
might be related to the effect of the hydrogen ion con-
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centration:on the constituents of the solvent system, rather
than on the membrane protein per se.

It has been argued

above, that AChE's association with the cell membrane could
be accomplished via a coordinating complex with divalent
cations and that the removal of the ions by EDTA results
in a release of the enzyme.

The similiarity of the solubili-

zation curve with imidazole might not be coincidence but
related to ionization changes of the imidazole buffer which \vas
incorporated into the experiments to maintain pH. · Imidazole
is ideally suited for the formation of metallo-complexes due
to its £i.-electron system and resultant high nucleophilic
character from which electrons can be donated to acceptor
metals.

Transition metal chelates are found in biological

systems and K 's for ca++ complexes have been reported (53).
a
If imidazole were able to bind ca++ in this system as EDTA
is doing, increasing the hydrogen ion concentration would
result in a cornpeti tion betlveen H+ and Ca++ for the imidazole
and decreasing binding effectiveness--While the reverse
being true for an increased pH.

Such an effect could par-

tially explain the effects of pH on the solubilization in the
presence of imidazole.
When EDTA was added, solubilization was even more pronounced by changes in pH.

The sequestering capabilities of

EDTA are pH-dependent, with maximum binding occuring at pH
8 (54).

As with imidazole, a decrease in pH would find H+

competing with Ca++ for binding sites on the EDTA molecule.
EDTA has much greater binding abilities than imidazole, this
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primarily may be attributed to the formation of a true chelation
complex, rather than the simple coordination of the metal
as is presumed to be the· case \vith imidazole,
These principles can not only be applied to solubilization of AChE from membrane fraction, but to the effect that
pH had on the subcellular distribution of enzyme activity.
In summary, at low pH ·values AChE tends to bind to particulate fractions more strongly than at higher pH values and
can be explained by at least t\vo lines of reasoning: ( i) a·
decrease in the net negative charge on the membrane fragments
allowing for greater attraction of the particles as the repelling forces dimish, and ( ii) the ability of EDTA (and perhaps·
imidazole) to sequester Cat+ and allow for solubilization of·
the enzyme.

Solubilization of the enzyme is pH-dependent;

increasing as the pH is increased,

Which of the two reasons

is the more correct cannot be said with any certainty, •. but
maybe both contribute to the pH-dependent solubilization.
A rather unexpected result was obtained when the pH was
held constant and the imidazole concentration was varied.
Solubilization was initially high at low concentrations of
imidazole and theri was progressively depressed at higher concentrations,

This suppressionwas'probably the result of

the increased occurence of imidazolium ion even though the
ratio of the cation species to the free base form remained
constant.

Therefore, the imidazolium ion might be acting

in a manner analogous to that of Na+ at sufficiently high
concentrations.
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It was very clear, that in addition to pH and the presence of various ions, different buffers altered the distribution of AChE activity during subcellular fractionation
and the subsequent solubilization from particulate fractions.
But is is not clear why this is so, although at least one
point can be made,

Except for phosphate buffer, the buffers

used can form quanternary nitrogen cations with increasing

.
H+ . concentrat~ons.

The relative cation contribution due to

the protonated species would differ among the various buffers
because of differing pK values, and perhaps it is the concentrations of this protonated form that is the basis for the
distrinctive effects, Undoubtedly, other chemical properties
must be important also.

The practical applications of this

information are important, especially when one is concerned
with the solubilization yeild· of a particular p:::·otein, but
what this information tells us about proteins and membrane
structure is not well understood.
From a practical standpoint, these studies have defined
some of the conditions which affect the subcellular fractionation and solubilization of AChE from mammalian brain tissue.
The highest specific activity 1vas found to be associated with
the microsomes, but the crude mitochondrial fraction was also
very rich in enzyme activity (synaptosomal content) under all
conditions.

It was found that pH, mono-and divalent cations,

and buffer composition of the homogenization media had pronounced effects on the enzyme activity of each subcellular
fraction, and that by manipulation of these factors a soluble
AChE preparation could be prepared.with high specific activity
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using a relatively simple and rapid procedure,
The discussion to this point has been concerned with
the more individual aspects of each experiment ;. attempting
to explain the results without endeavoring to relate the
data explicitly to an understanding of membrane-bound proteins and membrane structure.per

~·The

following few para-

graphs will attempt to formulate some general ideas into
a unified concept concerning the meaning of the data,

Be-

cause of the continuing controversy regarding membrane structure, this attempt will be difficult,

However, a few general

conclusions can be made and will be discussed,
AChe required only mild treatments (Q.g., a change in
hydrogen ion concentration or a decrease in ionic strength)
to dissociate free of the membrane and was highly soluble
in aqueous buffer solutions,

Ca++ was proposed to participate

in the binding of the enzyme to membrane fract.ions through
the coordination of anionic proteins or phospholipids with
those negatively charged sites on the enzyme.

This idea was

supported by amino acid composition studies (!+8), which revealed that AChE is an acidic protein as are many of the water
soluble proteins of erythrocyte membrane (55),

This suggests

that AChE is one of a group of membrane proteins which are
hydrophilic in character and that their attraction to other
elements of the membrane would be mainly via highly polar
forces, .!_.Q. , electrovalent, coordinate covalent or hydrogen
bonding,

Stated another way, it suggests that such proteins

are not strongly associated lvith other membrane components
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through the formation of hydrophobic interactions,

However,

monoamine oxidase, a water soluble enzyme, requires an organic solvent extraction of lipids before solubilization,
suggesting a strong interaction in its case (56),
Although over 56% of the total AChE activity was solubilized (see Table XI) by the methods described, only 10%
of the total protein was found to be soluble.

This apparently

means that a major portion of the membrane proteins have
distinct ·chemical characteristic different from those assigned to AChE and like proteins.

An important point, which

has not been discussed, pertains to the remaining AChE bound
to the membrane fractions after solubilization.

It. is con-

ceivable that this resudual AChE activity shares with the
remaining protein similar physico-chemical characteri..stics
which are disti.nct from the soluble enzyme.

This does not

preclude, though, that the soluble and particulate forms.
must differ in other ways (,g.g,, kineti.cs, function) al·though it is entirely possible that they may.

(For an ex-

tensive report and discussion of the kinectics of the soluble
enzyme the reader is referred to references 20, 21, and 22.)
The majority of membrane proteins are characterized by
poor aqueous solubility, and require organic solvents or detergents (more likely to disrupt hydrophobic bonds) for solubi.lization,

They have been postulated to be the principal

structural proteins and are critical to the integrity of the
membrane structure.

This is not to infer that these proteins

are devoid of functional capacity, for numerous proteins
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having catalytic properties have ··been found to be included
in this group (57 -61) •.
These integral proteins, as theyhave been called (62),
are presumed to be comprised primarily of nonpolar amino
acids which allow the molecule to be inbedded within the
hydrophobic interior of the membrane.

In addition, Green ( 63)

and Singer (62) have proposed that these proteins can be bimodal in the sense that they also possess hydophilic regions
oriented toward the aqueous phase. . A prototype of integral
proteins would be Na-K ATPase--an enzyme which was not solu. bilized by any of the methods tested in this study (data not
presented), but required a surface active agent for solubilization (64).

Attempts to purify the enzyme resulted in

a loss of activity when the associated lipid was extracted (65).

r

This.enzyme system could be depicted as being intercalated
within the lipid portion of the membrane, yet possessing
regulatory sites at the membrane perimeters,

Such an ar-

rangment is reasonable in view of the accepted activity of
the enzyme as having both an extracellular and intracellular
function.
On the other hand, AChE in functioning to hydrolyze ACh
(termination of cholinergic effects on the membrane) does
so extracellular1y.

Therefore, AChE is likely to be position-

ed extrinsic to the membrane continuum in contact 1vith the
more hydrophobic portions of the phospholipids, rather than
penetrating the hydrophobic regions as described above for
Na-K ATPase.

This hypothesis seems to be consistent wit.h
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the data accumulated in this study,
In summary, there appears to be two major types
of membrane proteins based on solubility criteria ( 62, 63).
This study has shown that over 50% of the AChE activity
in the ox caudate nucleus exhibits properties of polar interactions with membrane fractions and according to the model
of Singer (62) should be designated as an extrinsic or peripheral protein in relation to the membrane continuum,
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V.

CONCLUSIONS

A study has been made of the subcellular fractionation
of AChE activity in tissue derived from the ox caudate nucleus .• The highest specific activity was found to be associated with the microsomes, although a large percentage
of the activity l<Jas in the mitochondrial fractions containing nerve endings.

Subcellular fractionation in the

presence of mono- and divalent cations a11d an increase in
the hydrogen ion concentration tended to change the distribution in the sense that more enzyme was associated with the
particulate fractions, especially the low speed pellets.

The

conver8e of tbese conditions reversed the clistri..bution and
resulted in an increase in the soluble enzyme,
Optimal condi·tions for the solubilization of AChE were
defined for this U.s sue with the goal in mind that securing
a soluble enzyme of high specific activity would provide a
favorable starting point for further purification and characterization studies. The procedure as it was developed has
at lease two distinct advantages; ·(i) the treatment of the
tissue was relatively mild, thus minimizing the loss of
enzyme activity, and ( i.i.) it does not require tedious, time
consuming extra.cti.on procedures.

The high specific activity

would enable large scale purification with a minimum of
steps.

Various arguments have been presented which tend to
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implicate divalent cations in the binding of AChE to membrane fractions, although the role of monovalent cations
cann0t be excluded,

Possible explanations for the effects

of pH on solubilization have been discussed, but at the present time are only suppositions,
Finally, some of the implications have been presented
in regard to the forces binding AChE to membranes as contrasted with anther membrane protiens,

Based on the environ-

. ment necessary to solubiliza, inferences can be drawn as to
the nature of the attractive forces between proteins and
other membrane components.

In mammalian tissue, at least,

AChE appears to be loosely bound and conditions which affect
the ionic environment alter the binding capacity,

Presumably,

the remaining AChE is bound by different attractive forces
(nonpolar),
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